The longitudinal motion of the arterial wall can be observed in a B-mode image obtained by recent ultrasonic diagnostic equipment. In this study, the longitudinal displacement was quantitatively estimated by the block matching of RF echoes using cross correlation. However, the estimated longitudinal displacement is discrete depending on the spacing between two ultrasound beams of about 0.1 mm. Such an accuracy is not sufficient for tracking the region of interest (ROI) in the arterial wall. Therefore, the spacing of 0.1 mm is reduced using the interpolation of measured RF echoes to improve the tracking of the ROI in the displacement estimation. In this study, the optimum parameter in the interpolation was investigated. The spatial distribution of longitudinal displacements along the arterial radial direction was estimated using the optimum parameter. There were significant differences between the longitudinal displacements in the arterial wall and those in the region considered to be tissue outside the arterial wall. These results show the possibility of using this method to identify the outer boundary of the adventitia, which has not been achieved by conventional ultrasonic imaging.
Introduction
Diagnosis of arteriosclerosis is important because it poses a serious risk of cardiovascular events. We developed a noninvasive method for measuring the elasticity of the arterial wall. [1] [2] [3] [4] [5] [6] [7] In this method, the boundaries of the arterial wall are assigned by manual inspection of a B-mode image. Therefore, a method of identifying the boundaries is required for the objective and reproducible estimation of the elasticity.
The carotid artery exhibits the expansion and contraction (radial movement) due to the change in blood pressure during one cardiac cycle. At the same time, the carotid artery moves in its longitudinal direction (longitudinal movement). Recently, there have been some studies on the measurement of the arterial longitudinal displacement. [8] [9] [10] [11] [12] In these studies, the displacement is estimated by the block matching [8] [9] [10] [11] [12] [13] [14] of received echoes in two frames using the crosscorrelation function. The longitudinal displacement of the arterial wall is less than 1 mm during one cardiac cycle. 11) Generally, the measurement in the carotid artery is carried out using a 10 MHz probe. The correlation function, which is a function of the longitudinal displacement, is discrete depending on the spacing between two ultrasonic beams of about 0.1 mm in the 10 MHz probe case. Therefore, the longitudinal displacement cannot be measured with an accuracy of less than 0.1 mm. Such an accuracy is not sufficient for tracking the region of interest (ROI) in the arterial wall.
In this study, the spacing of 0.1 mm is reduced by the interpolation of measured RF echoes to improve the tracking of the ROI in the displacement estimation. The purpose of this study is to determine the optimum number of interpolated lines. This parameter was determined by evaluating the variation in correlation coefficient due to the inherent noise of the measurement system. Using the determined number of interpolated lines, the longitudinal displacement and longitudinal stretch of the carotid artery were estimated. In addition, the spatial distribution of longitudinal displacements of the carotid arterial wall along its radial direction was obtained, and the outer boundary of the arterial wall was estimated using the displacement distribution.
Methods

Complex linear interpolation of RF echoes
The ultrasound information was provided by an Aloka SSD-6500 ultrasonic system. Using an ultrasonic probe of 10 MHz frequency, an ultrasound beam scans positions along the carotid artery in its longitudinal direction with intervals of 0.1 mm. At each position, RF echoes are acquired at a sampling frequency of 40 MHz. A B-mode image can be constructed with a two-dimensional (radiallongitudinal) data set obtained by one scan, which is called a frame. The RF signal at beam position b and depth d in the n-th frame is denoted by rf n ðd; bÞ.
To reduce the spacing of two beams, K lines are interpolated between the original RF lines. Complex linear interpolation was used in this study. In the case of the interpolation of a real function, the interpolated waveform is distorted by the phase difference of echoes along two different beams. Therefore, in this study, the complex linear interpolation was applied to the quadrature demodulated complex signal, z n ðd; bÞ, of RF echo, rf n ðd; bÞ, as follows: where z 0 n ðd; b þ k=ðK þ 1ÞÞ is the interpolated complex signal. Each interval of two beams is given by ÁwðKÞ ¼ 0:1=ðK þ 1Þ mm when K lines are interpolated between the original RF lines.
Block matching using cross-correlation function
The radial and longitudinal displacements, b x r x r ðnÞ and b x l x l ðnÞ, at the n-th frame are estimated using the correlation function between two frames including the interpolated complex signals.
First, the region of interest (ROI) is assigned in the initial frame. The center of the ROI at a time t ¼ nÁT (n-th frame) is defined as d ¼ d n and b ¼ b n . Then, the complex correlation coefficient, ðn; Ám; ÁlÞ, between the n-th frame at a time t ¼ nÁT and the (n þ ÁN)-th frame at a time t ¼ ðn þ ÁNÞÁT is calculated as follows: ðn; Ám; ÁlÞ
where Ã denotes the complex conjugate, D is the sampling interval (19.25 mm) in the depth direction, Ám and Ál are the radial and longitudinal shifts between ROIs in the n-th and (n þ ÁN)-th frames, respectively, ÁT is the period between two consecutive frames [ÁT = 1/(frame rate) = 5.2 ms], and ÁNÁT is the frame interval for the calculation of the correlation function. In this study, ÁN was set to 10. The complex correlation function ðn; Ám; ÁlÞ between the n-th and (n þ ÁN)-th frames is obtained at each of the radial and longitudinal shifts, Ám n and Ál n , of the ROI in the (n þ ÁN)-th frame relative to the position of the ROI in the n-th frame. The radial and longitudinal displacements are determined from the radial and longitudinal shifts, d
Ám n Ám n and d Ál n Ál n , which maximize the magnitude of the complex correlation coefficient, ðn; Ám; ÁlÞ. From the estimated radial and longitudinal shifts, d
Ám n Ám n and d Ál n Ál n , the radial and longitudinal average velocities, " v v r ðnÞ and " v v l ðnÞ, between the n-th and (n þ ÁN)-th frames are respectively given by
where c 0 and f s are the sound speed and sampling frequency, respectively. Then, the radial and longitudinal displacements, b x r x r ðnÞ and b x l x l ðnÞ, at the n-th frame are estimated as follows:
The instantaneous position of the ROI in the (n þ 1)-th frame is determined by b x l x l ðnÞ and b x r x r ðnÞ. Figure 1 shows the experimental system. In the basic experiment, an ultrasonic probe was moved with a constant speed in the longitudinal and radial directions of a silicone tube using an automatic stage. Figure 2 shows a B-mode image of the silicone tube. In this experiment, the luminal surface of the silicone rubber was made rough because echoes from a smooth luminal surface are uniform in the longitudinal direction of the tube and there will be no distinct feature to be tracked. The ROI size was set to 2.8 mm (longitudinal) Â 0.2 mm (radial). The radial width was set to 0.2 mm since the size should be smaller than the intima-media thickness.
Basic Experiments Using a Silicone Tube for Determining the Number of Interpolated Lines
Displacement estimation
Evaluation of random error
Random error was defined as the standard deviation of the estimated velocity. One of sources of random error is the variation in correlation coefficient due to noise. To evaluate the effects of noise, the stage was kept still, and the variance of the correlation coefficient at each shift was evaluated. There should be no variance when there is no noise. Figure 3 shows the amplitudes of echoes from the silicone tube at t ¼ 0 and 42 ms. Although the stage is still, there is a difference between echoes. Figure 4 (a) shows the estimated velocity without interpolating RF signals (K ¼ 0). In Fig. 4 (b), plots and vertical bars show the means and standard deviations of the correlation coefficient, respectively. In Fig. 4 , the frame interval ÁNÁT is 10 ms. The mean correlation coefficient at a shift of 0 mm is much larger than those at AE0:1 mm in comparison with the standard deviation. Therefore, there is no random error in estimated velocity as shown in Fig. 4(a) . However, as shown in Fig. 5 , the mean correlation coefficient at a shift of 0 mm is not sufficiently larger than those at AE0:014 mm when the number K of interpolated lines and frame interval ÁNÁT are 6 and 10 ms, respectively. Therefore, there are random errors in the estimated velocity as shown in Fig. 5(a) . The random error e random in the estimated displacement during the period of 2 frames is defined as follows:
Evaluation of bias error
Figures 6(a) and 6(b) show the correlation coefficient at each shift Ál n and the estimated and true (assigned stage speed) longitudinal velocities at each time, respectively. In Fig. 6 , the correlation coefficient reaches its maximum value at a shift corresponding to the true velocity. However, in most cases, the true shift is located between echo lines (including interpolated ones), and the shift that is closest to the true shift is selected to be the estimate when there is no noise. This shift which is the closest to the true shift is denoted by the theoretically estimated shift (velocity). Thus, the theoretical bias error in the estimated velocity can be defined as the difference between the theoretically estimated velocity and the true one. The maximum value of the theoretical bias error e bias is given by half of the interval ÁwðKÞ between interpolated echo lines as follows:
Theoretical bias error e bias will be reduced by increasing the number of interpolated lines, K.
Optimum number of interpolation lines
The optimum number of interpolation lines, K opt , was determined by theoretical bias error e bias and random error e random . Bias error e bias can be theoretically reduced by increasing the number of interpolated lines, K. However, a smaller interval of echo lines (means a larger K) leads to increase in random error e random due to the variance in correlation coefficient. Therefore, the number of interpolation lines K opt , at which random error e random is similar to bias error e bias , is sufficient. Since e random increases with increasing K, the estimation error cannot be reduced by a K larger than K opt . Figure 7 (a) shows the random error e random at each theoretical bias error e bias . Figure 7(b) is an enlarged view of Fig. 7(a) . In Figs. 7(a) and 7(b) , the theoretical bias error e bias is not significantly reduced at a K that is larger than 8, and e bias is reduced, similar to random error e random at K ¼ 8. Therefore, the number K of interpolation lines was determined to be K ¼ 8 (beam interval of 11 mm).
Basic Experiments Using Silicone Tube for Detection
of Outer Boundary of Wall Figure 8 shows the experimental system. The difference among the longitudinal displacements around the outer boundary of the wall was investigated using a silicone tube on a silicone plate mimicking the external tissue. The stage speed was set to 4 mm/s, and the longitudinal displacement of the silicone tube was estimated. The frame rate was 1=ÁT ¼ 192 Hz. Figure 9 shows a B-mode image of the silicone tube on the silicone plate. The longitudinal displacements were estimated at depth positions A, B, C, and D. Figure 10 shows the estimated longitudinal displacements at each time at depth positions A, B, C, and D. The longitudinal displacements were different depending on the depth. In Fig. 11 , the longitudinal displacements at a time of 0.15 s are shown at each depth position along a line. Figure 11 shows (a) RF echoes from the silicone tube and the silicone board, (b) the longitudinal displacement distribution along the line, and (c) the means and standard deviations of the maximum correlation coefficients from 0 to 0.15 s. In Fig. 11(b) , the longitudinal displacement rapidly decreased at a depth position of 3.2 mm. Figure 12 shows the RF echo from the same silicone tube without the silicone plate. In Fig. 12 , the thickness of the wall is found to be 3 mm. Therefore, the longitudinal displacement was found to change at the boundary.
In vivo Measurement
The longitudinal and radial displacements of a carotid artery of a 25-year-old male are estimated using the determined optimum number of interpolation lines K opt ¼ 8 and a frame interval ÁNÁT ¼ 44 ms (ÁN ¼ 4, ÁT ¼ 1=90 Hz ¼ 11 ms). Figure 13 shows (a) ly, of the carotid arterial wall during one cardiac cycle at positions A, B, and C. The waveforms of the longitudinal and radial displacements are similar at each position. However, the amplitudes of the longitudinal displacements are different among the measured positions. The difference in amplitude between depth positions B and C is larger than that between depth positions A and B. Figure 14 shows (a) RF echo in the range from 0 mm (luminal surface) to 1.3 mm along an ultrasonic beam, (b) the longitudinal displacement at a time t ¼ 0:13 s in Fig. 13(c) , and (c) the means and standard deviations of the maximum correlation coefficients for the period from 0 to 0.13 s. This time of t ¼ 0:13 s was determined by the first peak of the longitudinal displacement shown in Fig. 13(c) .
The correlation values are sufficiently large at points A, B, and C. However, there are differences in longitudinal displacements among these points. Figure 15 shows a B-mode image of the carotid artery of the same subject. The longitudinal displacements were estimated at two different ultrasonic beams. Figure 16 shows the longitudinal displacements at beam positions 1 and 2 at the depth A plotted as a function of time.
As shown in Fig. 13 , the carotid artery moves toward the heart when the heart ejects blood. The longitudinal displacements decreased between 0.1 and 0.2 s. It is supposed that the carotid artery is pulled by the movement of the base of the heart toward the apex during systole from 0 to 0.1 s. Then, the longitudinal displacement is decreased by the shear stress of blood flow from 0.1 to 0.2 s.
In Fig. 14 , the longitudinal displacement decreased rapidly in the region of around 0.6 mm. It is thought that the longitudinal displacement decreased around the outer boundary of the arterial wall, which is similar to the basic experimental results in Fig. 11(b) .
The longitudinal displacements at different beam positions were compared to evaluate the stretch of the carotid arterial wall. Figure 17 shows the longitudinal displacement distributions along the two beams. In this figure, the longitudinal displacements at a time of 0.13 s are shown at each depth position along the corresponding lines. Although the longitudinal displacements on two beam positions were different in Fig. 16 , the longitudinal displacement at beam position 1 is biased from that at beam position 2 as typically shown from 0.4 to 0.7 s, and this difference is considered to be a bias error. Therefore, it is considered that the difference between the longitudinal displacements was small and the carotid arterial wall between two beams was not stretched in the longitudinal direction. However, the rapid decreases in longitudinal displacements around the outer boundary of the arterial wall were found in both beams.
Discussion
In this study, the optimum number of interpolation lines, K opt , was investigated by evaluating the variance in correlation coefficient due to noise. Such an investigation is also important for methods in which the correlation peak is detected by the curve fitting of the correlation function 15) because the variance in correlation coefficient also leads to error in the curve fitting. The estimation accuracies of the proposed method and the curve fitting method should be compared in future work.
In addition, there are parameters whose optimums were not investigated in this study. For example, the optimum frame interval depends on the velocity of an object whereas the frame interval ÁNÁT was set to be constant in this study. The detectable displacement Áx l between two frames over a line interval is shown using the longitudinal velocity v l and frame interval ÁNÁT as follows:
ð6:1Þ Therefore, ÁN should be
However, in in vivo measurement, the correlation coefficient is reduced by increasing the frame interval because the echo pattern in a ROI is changed by the arterial wall deformation. 16 ) Therefore, the frame interval needs to be as short as possible, and ÁN should be ÁwðKÞ=ðv l ÁTÞ.
In this study, a constant frame interval (ÁN ¼ 4 or 10) was employed. However, the following procedure will provide a superior displacement estimate in in vivo measurement, although it requires more computation. First, the velocity of longitudinal movement is roughly estimated by a constant frame interval, and the optimum frame interval ÁNÁT is determined at each time using the estimated velocity. Then, the longitudinal displacement is estimated more accurately using the optimum frame interval at each time.
In addition, the optimum ROI size was not investigated. Figure 18 shows the amplitudes of RF echoes from the carotid artery along the longitudinal direction. The longitudinal displacement cannot be detected when there is no variation in echo signals in the ROI. Therefore, the ROI size should be larger than the cycle of the variation of echo signals along the artery. As shown in Fig. 18 , the ROI size employed in this paper is sufficiently larger than the cycle of the variation in echo signals. On the other hand, the ROI size should be smaller than the inverse of the spatial frequency of the deformation of the arterial wall because the signal pattern in the ROI will be significantly changed by the deformation with a larger ROI. The carotid artery measured in this study showed almost no deformation in its longitudinal direction, and a large ROI was considered not to affect the estimation accuracy so much. However, the carotid arteries of other subjects should be measured to investigate the deformation of the arterial wall in its longitudinal direction. Furthermore, the silicone rubber tube used in the basic experiments of this study shows no deformation. The deformation of the wall may affect the optimization of the number of interpolated echo lines. As described above, although some remaining problems require further investigation, the proposed method in this paper is useful for a detailed investigation of vessel wall movements.
Conclusions
In basic experiments using a silicone tube, the number of interpolation lines for the estimation of the longitudinal displacement was determined by considering bias and random errors. Using the optimum number of interpolation lines, the spatial distribution of longitudinal displacements along the arterial radial direction was estimated in in vivo measurement in the carotid artery. The longitudinal displacement rapidly decreased around the position that is considered to be the outer boundary of the arterial wall, and this result was similar to that in the measurements in a silicone tube on a silicone plate mimicking an artery surrounded by external tissue. These results show that the proposed method has the potential to be used in detecting the outer boundary of adventitia on the basis of the measured displacement distribution. 
